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ABSTRACT OF THESIS

TEMPERATURE-DEPENDENT TUNABLE PHOTOLUMINESCENCE PROPERTIES
OF CARBON NANODOTS DERIVED FROM
POLYETHYLENE GLYCOL
Fluorescent carbon dots (C-dots) are well known for their low cell-cytotoxicity,
biocompatibility, low preparation cost, excitation dependent photoluminescence, and
excellent photostability. Typically, raw C-dots have low quantum efficiency and thus
researchers have been utilizing biocompatible polymers such as polyethylene glycol (PEG)
as a passivation agent in order to increase fluorescence signal. In this work, we report
fluorescent self-passivated carbon nanodots (CNDs) synthesized from PEG by using it as
a carbon source as well as a passivating agent. Importantly, the addition of graphene
quantum dots (GQDs) during the synthesis of self-passivated CNDs can tune
photoluminescence property. The results of bioimaging and cytotoxicity test of selfpassivated CNDs hold promises for biomedicine applications.
KEYWORDS: Carbon nanodots, Graphene quantum dots, Bottom-up method,
Self-passivation, Quantum yield, Bioimaging
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CHAPTER 1: INTRODUCTION

1.1 Background
Biomedical imaging is a rapidly expanding research area not only because of its
importance in early-stage detection, screening, and imaging-guided therapies of lifethreatening diseases,1 but also because it provides a valuable tool to probe cellular
constituents.2 Common bio-medical imaging tools employ X-ray imaging and computed
tomography (CT).3 However, these methods are conducted with radioactive materials for
imaging and diagnostics which raise the risk of cancer.3
Optical imaging has become more popular in biomedical imaging because it utilizes
optical signals such as absorption, reflection, scattering, and emission of light. In this way
there is no risk of damage due to radiation poisoning.4 This advantage leads to the
development of diverse imaging agents such as organic fluorophores,5 fluorescent
proteins,6 and inorganic quantum dots (QDs).7 However, several limitations of these
fluorescent probes such as optical instability of organic dyes and the cytotoxicity of
inorganic QDs led to seeking better optical contrast agents. The emerging class of carbon
based fluorescent nanomaterials, known as fluorescent carbon dots (C-dots), have shown
superior advantages including low cost,8 excellent biocompatibility,9 high chemical
inertness,10 and bright photoluminescence (PL) properties.11
The objective of this study is to explore temperature-dependent tunable PL
properties of self-passivated C-dots that are useful in bioimaging applications. The
following section starts with a brief summary of conventional fluorescent imaging agents,
followed by general properties, synthesis, and applications of C-dots which have been
developed in my research.
1

1.2 Conventional bioimaging agents and their challenges
1.2.1 Organic fluorescent dyes
One of the common bioimaging agents is organic fluorescent dyes and these are
usually the smallest and dimmest fluorescent emitters people use today.12 These organic
dyes are composed of few π-conjugated rings12 and thus their PL properties depend on
either delocalized electronic transitions within the molecular chromophore (resonant dyes)
or from intramolecular charge transfer (CT) transitions (CT dyes).5 Resonant dyes, such as
cyanine, fluorescein, and rhodamine, often have narrow absorption and emission spectra
with small Stokes shift, high molar absorption coefficients, and moderate fluorescence
quantum yield (QY).5 CT dyes, like coumarin, on the other hand, have broader absorption
and emission spectra, smaller molar absorptivity coefficients, and low fluorescence QY.5
CT dyes have an advantage of emitting near-infrared (NIR) light5 that is useful in deep
tissue imaging because excitation and emission in NIR has less interference from the tissue
and thus allows greater penetration with better contrast.13 Typical organic dyes are small
in size (~1 nm) and so the number of dyes attached per biomolecule can be maximized,
thereby enhancing fluorescence intensity for detection.5 Nonetheless, organic dyes have
several limitations. First, they are well known for aggregation-induced fluorescence
quenching which fail to achieve sufficient brightness for ideal imaging.14 Second, labeling
methods with these dyes may require harsh physiological condition as the reported pH
range is usually alkaline (pH 8-9).15,16 Third, organic dyes significantly suffer
photochemical degradation and photobleaching, which limit long-term cellular tracking.17
Accordingly, surface modification of organic dyes play an important role in improving
biocompatibility and chemical inertness for practical biological applications.2
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1.2.2 Green fluorescent proteins (GFPs)
Green fluorescent proteins (GFPs) are the first generation of fluorescent proteins,
extracted from the jellyfish Aequorea.6 These GFPs have been applied extensively to probe
protein geography, movement, and chemistry in living cells.18 GFPs characteristically
absorb blue light and emit green fluorescence, which can be observed directly with a
fluorescence microscope.19 This is considered a huge advantage compared to earlier
imaging markers such as firefly luciferase that required a reaction with luciferin (a
substrate) to produce light.19 Commonly, GFP plays an important role as a reporter gene to
lay out gene expression, as well as a cell tracker to aid visualization of target cells, organs,
and even the whole body of an organism.20 Yang et al. even reported the real-time
monitoring of cancer growth using GFP.21 In addition, GFP can reveal protein-protein
interaction.22 As an example, one previous study explored the proximity imaging method
with various GFP tagged proteins by evaluating the ratio of emission intensities at the
excitation of 395 and 475 nm and found a relative fluorescence intensity change when
binding between proteins occurred.22 Despite these advantages, GFPs have several
limitations such as photoblinking, quenching, photobleaching,12 false-positive GFP
expression due to the background auto-fluorescence of GFP,23 and self-folding of GFP
above room temperature (~ 25 °C), forming larger insoluble proteins.24

1.2.3 Inorganic quantum dots (QDs)
Inorganic QDs have received significant attention because of their superior optical
properties compared to traditional organic dyes and fluorescent proteins. Quantum
confinement effect and tunable emission were first observed in inorganic QDs.25 Their
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sharp and tunable emissions are possible due to their broad absorption and narrow emission
band26-28 in which the optical properties of the QDs are generally dependent on their
physical dimensions.29 More specifically, size-dependent optical properties of QDs arise
from quantum confinement where the physical size of QDs are smaller than their exciton
Bohr radius30 which limits the motion of electrons to a discrete energy level. Inorganic
QDs are highly fluorescent mainly due to their large absorption coefficients (10-100 times
larger than organic dyes).12 In general, the inorganic QDs offer higher fluorescence QY
compared to their organic counterparts.31 Moreover, inorganic QDs are extremely resistant
to photobleaching and irreversible photochemistry,32 extending their lifetime for
fluorescence monitoring. All these advantages make inorganic QDs excellent candidates
as fluorescent probes for biological imaging with improved selectivity and sensitivity.33
However, inorganic QDs hold several inherent disadvantages. The biggest
challenge for these QDs is their severe toxicity in cells.34 Many inorganic QDs are based
on heavy metals like cadmium and their release into living cells is found to be toxic.35,36 In
order to resolve the toxicity problem, coating inorganic QDs with protection layers such as
ZnS shell have been studied for practical utilizations.37 In addition, the hydrophobic nature
of inorganic QDs38 prevent them from performing well in an aqueous environment such as
in cell studies. Consequently, it necessitates hydrophilic coatings on the surface of
inorganic QDs in order to increase biocompatibility in cellular studies as well as for
diagnostic and therapeutic purposes.37
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1.3 Fluorescent carbon dots
Fluorescent C-dots are emerging class of carbon nanomaterials with unique optical

properties and chemical structure. They are comprised of a nanometer-sized graphene
sheet.39 The unique optical properties of C-dots arise from quantum confinement and edge
effects.

Figure 1.1. Energy band gap of graphene (metal) and carbon dots (semiconductor).

While graphene is metallic with a zero band-gap,40 C-dots exhibit semi-metallic property
with an opened band-gap which allows strong light absorption and emission (Figure 1.1).
The emission properties of fluorescent C-dots are widely studied and have applications for
a variety of areas such as bioimaging,41 biosensors,42 and photovoltaic devices.43,44

1.3.1 Synthesis of fluorescent carbon dots
Since the first synthesis of fluorescent C-dots by laser ablation was reported in
2006,45 C-dots have been prepared by a variety of approaches. The synthesis of C-dots can
be generally classified into two different approaches: top-down and bottom-up synthesis.
A top-down method involves the cutting of bulk carbon materials (i.e., graphene oxide,
5

graphite, and carbon fiber) into smaller pieces of sp2 carbon clusters. The cutting of bulk
carbon materials was achieved by a number of methods including chemical oxidation,
electrochemical oxidation, and hydrothermal cutting. The top-down synthesis revealed
several limitations such as the need of specific equipment,46 low product yield, and
difficulty in controlling the size of C-dots.8 Compared to the top-down approach, the
bottom-up synthesis of C-dots was only recently developed. The bottom-up approach is
based on the carbonization process of small carbon-containing organic species into
nanometer-sized sp2-carbon domains. Unlike the top-down method, the bottom-up
synthesis revealed several advantages in terms of precise control of size and morphology.47
In the literature, C-dots synthesized by the two methods are differentiated with different
terms: “graphene quantum dots (GQDs)” for those prepared by top-down approaches and
“carbon nanodots (CNDs)” for those prepared by bottom-up approaches (Figure 1.2). In
this work, the terms GQD and CND will be strictly used to differentiate the C-dots
synthesized by the appropriate method.

6

Figure 1.2. Synthetic scheme of carbon dots with top-down and bottom-up approach.
1.3.1.1. Top-down synthesis of graphene quantum dots (GQDs)
Chemical oxidation: One of the most common methods to produce GQDs is by chemical
oxidation. Peng et al. reported the synthesis of GQDs using acidic treatment of carbon
fibers.48 The preparation initially treats pitch carbon fibers with concentrated acid mixtures
of H2SO4 and HNO3 under mild sonication, followed by thermal reaction. The chemical
exfoliation of carbon fiber precursors are initiated by the formation of oxygen-containing
groups on graphene layers, which produces a mechanical tension between the interlayers
of carbon plane. As a result, fracturing along the oxygenated defects (i.e., epoxy or
carbonyl groups) occurs. As-synthesized GQDs showed a relatively narrow size
distribution, diameter ranging from 1-4 nm with the thickness of 1-3 graphene layers. The
selective production of green and blue fluorescent GQDs were achieved by controlling
reaction temperature. Both blue and green GQDs were highly hydrophilic due to oxygen-
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containing functional groups, so they were well dispersed in aqueous solution without the
need of surfactants.
Similar chemical treatments have been tested for the synthesis of GQDs using
various types of carbon sources such as graphite, graphene or graphene oxide, carbon
nanotubes, activated carbon, and carbon black.49 However, these materials are quite costly
for industrial scale mass production.49 Recently, Dong and his co-workers49 used coal as a
source material to propose a cost-effective way to synthesize GQDs since coal is a natural
fossil fuel that is cheap and abundant. By refluxing coal with concentrated nitric acid,
single-layered blue-emitting GQDs can be obtained.

Hydrothermal method: The cutting of graphene sheet has been demonstrated as another
efficient approach to produce GQDs because of its simplicity and fast preparation time. In
2010, Pan et al. developed a hydrothermal route to produce blue-luminescent GQDs.50
Prior to the hydrothermal treatment, graphitic carbon sources were oxidized into small
pieces of graphene sheets (50 nm – 2 µm) by a mixture of concentrated H2SO4 and HNO3.
As a result, oxygen-containing functional groups such as C=O, COOH, OH, and C−O−C
were formed at the edge and on the basal plane of GQDs. Afterwards, the oxidized
graphene sheets were placed in a Teflon-lined autoclave at an elevated temperature for 12
hours to produced blue-emitting GQDs. GQDs were thought to form through the breakage
of linearly aligned defects consisting of epoxy groups during hydrothermal de-oxidation
process. The reported fluorescence QY of the produced GQDs was about 7%. Zhu and coworkers also used this method to synthesize strongly green fluorescent GQDs which had a
QY of 12%.51
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Electrochemical method: The electrochemical oxidation was introduced as an effective
way to produce GQDs because of its better control of GQDs in terms of their size. Zhang
et al. demonstrated the synthesis of yellow fluorescent GQDs with a QY of 14% using
electrochemical oxidation.52 In their study, the electrochemical exfoliation of graphite rod
(anode) occurred by electrolysis in a weak alkaline medium. This process helps to generate
O and OH radicals to cut graphite and produce oxygenated GQDs. Then the resultant
solution was reduced with hydrazine at room temperature. The characterization of
morphology and structure revealed the average size of GQDs ranging from 5 to 10 nm with
a thickness of a single graphene layer.52

Ruthenium-catalyzed cage-opening of fullerene (C60): Recently, the synthesis of GQDs
through the cage-opening of fullerene was reported by Loh et al. with Ru catalysts. This
method achieved the synthesis of GQDs with a uniform size distribution.53 In this study,
fullerenes were broken down into pieces and formed highly symmetrical carbon clusters.53
The mechanism involves a strong interaction between C60 and Ru, which assists the rupture
of C60 cage. Subsequently, GQD clusters were stabilized on the Ru surface. This study also
reported that GQDs with different shapes were synthesized from aggregated carbon
clusters at different annealing temperatures.

1.3.1.2 Bottom-up synthesis of carbon nanodots (CNDs)
Solution chemistry method: Recently, Dong et al. demonstrated the facile synthesis of
CNDs from the carbonization of citric acid.47 CNDs were readily prepared by heating citric
acid at 200 °C until melted citric acid turned into an orange liquid. The pyrolysis of citric
acid initiates carbonization to form nanometer-sized graphene sheets. As-prepared CNDs
9

were found to be about 15 nm in diameter and 0.5–2 nm in thickness. The synthesized
CNDs were found to be self-passivated with sp3-bonded carbon moiety and were found to
have a QY of 9%.47 Similarly, Liu and co-workers also found that the morphology of CNDs
can be controlled by adjusting the degree of pyrolysis as they observed increased growth
of graphitic domains with the elevated pyrolysis temperature.54 Li et al. reported that the
synthesis of CNDs with a uniform and tunable size could be achieved by a similar solution
chemistry method. This approach was based on oxidative condensation reactions in which
organic precursors were fused to form covalently-linked nanographene sheets.55

Hydrothermal carbonization: The carbonization can also occur via hydrothermal
process. Recently, Zhu et al. demonstrated hydrothermally synthesized CNDs by
combining citric acid and ethylenediamine.56 As-produced CNDs had a green and blue
emission depending on the hydrothermal reaction temperature. At higher temperatures of
hydrothermal treatment, it was found to be more favorable to form completely carbonized
CNDs instead of polymer-like CNDs. Also, CNDs showed an excitation-dependent PL
behavior due to the inhomogeneity in terms of size and surface state effect. Surprisingly,
the method helped the production yield of CNDs to reach up to 60%. This study also
suggested that the amino-functionalization significantly enhanced the fluorescence QY
(>10%).

1.3.2 Optical properties of carbon dots
Although the PL mechanism of C-dots remains complicated and controversial, it is
often explained in two parts: intrinsic and extrinsic emission. Intrinsic emission is
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attributed to the confined size of sp2-domain in C-dots and edge effect (i.e., zigzag edge
and armchair edge sites)50 while extrinsic emission is attributed to surface defects such as
oxygenated functional groups.57
Density functional theory (DFT) calculations revealed the size-dependent band-gap
behavior; red-shifted emission is expected with the increasing size of sp2-domain due to
the narrowing of band gap from π electron delocalization.58 This prediction was consistent
with experimental results from Peng at el. group. They synthesized GQDs via chemical
oxidation of carbon fibers and found that different sized GQDs had different emission
colors.48 Green GQDs had an average size distribution of 6 nm while yellow GQDs
averaged 9 nm. The emission color of as-produced GQDs were dependent on the reaction
temperature (120 °C – blue, 100 °C – green, and 80 °C – yellow). The TEM
characterization of differently colored GQDs reflected a clear correlation between the size
of GQDs and energy band gap. As the size of the GQDs became larger, the band gap was
narrowed with a corresponding red-shift in absorption and emission spectra.
In addition to the size effect, the edge structure of GQDs such as zigzag and
armchair edges are also known to play an important role in intrinsic PL emission.58
According to DFT calculations, GQDs with zigzag edge had a significantly smaller band
gap in comparison to armchair-edged GQDs of the similar size.58 The localized states of
zigzag edges lowered the energy of the conduction band and decreased the energy band
gap. The strong pH dependence of PL property was also observed by Pan and co-workers.50
Hydrothermally synthesized GQDs typically showed a strong blue emission (maximum PL
emission at 430 nm) in neutral media and the cause was assigned to the protonation and
deprotonation of free zigzag sites.50 In the alkaline medium, PL was almost completely
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quenched, whereas in the acidic medium, strong PL intensity was restored due to the
protonation at the free zigzag sites.
Extrinsic PL emission, on the other hand, is generally explained via surface defects
or functional groups. Luo et al. synthesized blue-emitting GQDs (HT-GQD) by removing
oxygen-rich functional groups of GQDs through hydrothermal reduction process.59 The
content of oxygenated functional groups of GQDs after hydrothermal treatment was greatly
reduced. In addition, the PL emission was changed from green to blue after the
hydrothermal reduction process. Along with the blue-shift, narrower emission band was
observed, suggesting the presence of more homogenous oxygenated groups on the surface
of GQDs. In other words, more defect states will lead to red-shifted PL emission.
Furthermore, HT-GQDs had higher PL intensity compared to the native GQDs. The
elimination of oxygenated defects through hydrothermal reaction may have increased the
likelihood of radiative electron-hole recombination and therefore increased the fluorescent
QY.59 Zhu and co-workers also reported that defect states were responsible for extrinsic
PL emission.57 GQDs synthesized by chemical oxidation unavoidably contain oxygenated
defects (C−OH, C−O. C=O and O−C=O) in which green emission of GQDs was attributed
to.57 This was confirmed when both reduced and surface modified GQDs changed their
emission from green to blue.57

1.3.3 Cytotoxicity and biocompatibility
As-produced C-dots (both GQD and CND) are greatly hydrophilic due to the
presence of oxygen functional groups. Therefore C-dots are water-soluble without the need
of surfactants. The strong hydrophilicity of C-dots is in great contrasts to the
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hydrophobicity of carbon nanotubes and inorganic QDs. This advantage makes C-dots an
excellent candidate for cell bioimaging studies which require good biocompatibility in
aqueous biological media.60 To test the validity for such applications, Chong et al.
evaluated cytotoxicity effect of C-dots.60 When tested at a cellular level, 95% of HeLa cells
incubated with fluorescent C-dots for 24 hours were still alive even when the concentration
of C-dots reached up to 160 μg/mL. Upon the concentration of 640 μg/mL, about 85%
remained alive, demonstrating a low cellular toxicity of C-dots. Similar results were found
when C-dots were injected in mice for in vivo toxicity test. The C-dots dosed mice
remained healthy without any sign of organ damage throughout the experiment (monitored
up to 40 days). The finding suggests that fluorescent C-dots have excellent biocompatibility
and low cell cytotoxicity and thus are a promising tool for bioimaging applications.

1.3.4 Applications of carbon dots
1.3.4.1 Bioimaging studies
Because of several attractive properties such as excellent biocompatibility,51 low
cytotoxicity,61 chemical inertness, good photostability,62 and a cost-effective preparation,
fluorescent C-dots have been commonly used as probes for bioimaging and biomedical
studies.63 Kumar and co-workers examined human hepatic cancer cells tagged with green
fluorescent GQDs.64 The results show excellent cell imaging with a great contrast by
selectively staining the cytoplasm and nucleus with green GQDs and DAPI dyes,
respectively. In this experiment, the brightness of GQDs remained stable under ambient
condition without a noticeable fluorescence photobleaching. Similarly, Peng et al. obtained
fluorescent images of human breast cancer cell with green GQDs surrounding nucleus.48
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Likewise, Zhu et al. analyzed fluorescent cell images of mice using GQDs and found no
obvious cytotoxicity.57 All these studies suggest the promising aspects of GQDs as a high
contrast bioimaging agent.

1.3.4.2 Electrochemical biosensors
Due to attractive electronic properties and a great chemical stability, GQDs also
hold a promise for sensitive and selective detection of metal ions, DNA, and proteins. Zhao
et al. demonstrated that GQDs could detect target DNA molecules sensitively by
monitoring charge transfer between GQD-modified electrode and electro-active species
([Fe(CN)6]3-/4-).42 When DNA molecules (single-stranded DNA or ssDNA-1) were
attached to the GQD-bound electrode, it inhibited the charge transfer between [Fe(CN)6]3/4-

and the electrode. However, when the complementary DNA (ssDNA-2) was present in

the solution, ssDNA-1 and ssDNA-2 formed a double helix, leaving the GQD-bound
electrode free to interact with electro-active species, thus generating an electrochemical
response. This experiment did not require any extra step of labeling for the probe DNA for
detection and gives merit to GQDs in electrochemical bio-sensing applications that are not
limited to complementary DNA detection but other molecules and proteins.

1.3.4.3 Photovoltaic applications
Improving the conversion efficiency of light to energy for solar cells and reducing
their fabrication cost are active topics of research. Recent studies suggest that C-dots may
be promising sensitizer materials for dye-sensitized solar cells (DSSCs).65 DSSC is a lowcost solar cell where TiO2 nanoparticles are typically coated with light-sensitive dyes.66
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Yan et al. took an advantage of the broad light absorption spectrum and the large optical
absorptivity (105 M-1 cm-1) of GQD as a strong light absorber for DSSC.67 Although the
performance of GQD-sensitized solar cells was not satisfactory due to a poor contact
between GQD and TiO2,65 GQDs showed the maximum power comparable to that of the
DSSC with a traditional sensitizer (i.e., ruthenium complex).67 This is exciting because
the cost of C-dots preparation is much cheaper than the rare metal, ruthenium, which can
significantly cut the cost of solar cell production.

1.3.5 Surface functionalization of carbon dots
Surface chemistry and functionalization offer an opportunity to effectively design
a product to achieve a specific goal. Until now, amino-functionalized GQDs have been
studied extensively and the following summarizes chemical and optical property changes
induced by surface chemistry. Amino-functionalized GQDs (average size of 7.5 nm),
studied by Jiang et al., showed green emission with the excitation-dependent property.68
The fluorescence QY (2.8%) was enhanced about 40 times, compared to unmodified GQDs
(QY of 0.07%). Zhang et al. found hydrazine-treated GQDs can tune the color of
fluorescence emission as the GQDs exhibited a yellow PL emission with a maximum
emission peak at 540 nm.52 The XPS data revealed reduced peaks of oxygen functional
groups such as O−C=O and C−O groups and instead, N−C=O peak appeared, indicating
successful functionalization of GQD. The result suggested that amino-functional groups
can tune the emission from blue to yellow.
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1.3.6 Surface passivation

Figure 1.3. Illustration of the effect of surface passivation on fluorophores.

Passivation is one kind of functionalization that has been actively utilized to
enhance chemical stability,11 photostability,45 biocompatibility,11,69 and QY efficiency,70
Typically, C-dots prepared by chemical oxidation showed the fluorescence QY of <1%
which is very low for bioimaging and optoelectronic applications. Luckily, significant
improvements can be made in QY efficiency by surface passivation. There are many
organic molecules such as diamine-terminated oligomeric poly(ethylene glycol),
H2NCH2(CH2CH2O)nCH2CH2CH2NH2 (PEG) that can serve as a passivation agent. Sun et
al. used PEG to passivate nanometer-sized C-dots which made GQDs to be highly
fluorescent.45 They attributed the origin of the enhanced PL to the passivated GQDs by the
presence of stabilized surface energy traps and the quantum confinement effect.45,71 They
also found that the QY of these passivated C-dots were comparable to that of passivated
silicon nanocrystal.45 Passivating with branched polymer can further increase QY as
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studied by Wu et al.72 Fluorescence signal from branched polymer passivated GQDs
increased two-fold in comparison to a linear polymer which is due to more efficient surface
coating72 As illustrated in Figure 1.2, passivating agents like branched polymers can
effectively protect nanomaterial over a larger surface area from interacting with quenchers
in solution72 and therefore reducing the number of non-radiative electron-hole
recombination, thus enhancing quantum efficiency.
Synthesized C-dots are usually hydrophilic due to oxygenated defects on their
surface. However, defect-free sites may remain hydrophobic due to the graphene nature of
sp2-carbon core. Thus, the passivation of C-dots with hydrophilic organic polymers can
increase the solubility of C-dots, thereby enhancing biocompatibility in cell studies.73 Liu
et al. successfully demonstrated the translocation of PEGylated GQDs into E. coli cells.

1.4 Research objectives
Many efforts have been made to explore affordable, efficient, and biocompatible
fluorescent probes for bioimaging applications. Since then, a vast number of papers have
been published about the attractive qualities that fluorescent C-dots display such as low
cytotoxicity, excellent biocompatibility, facile synthesis, tunable PL property, and robust
photostability. Despite these advantages, as-synthesized C-dots generally showed a low
fluorescence QY which limits their use as bioimaging tags. However passivation treatment
of C-dots is a promising strategy to improve fluorescence efficiency. Previous literature
reports that intrinsic blue PL emission arises from the effect of surface coating of C-dots.
In this work, we report the intrinsic green PL of CNDs for the first time which were derived
by hydrothermal synthesis with PEG precursors mixed with GQDs. We found that varying
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a reaction condition can produce highly fluorescent blue and green fluorescent C-dots. This
thesis addresses the synthesis of self-passivated CNDs and GQDs, the possible mechanism
of temperature-dependent PL emission, and cell viability tests of these C-dots.
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CHAPTER 2: EXPERIMENTAL METHODS

2.1 Materials
Nano-diamond derived carbon nano-onions (N-CNOs, 5-7 nm diameter) were
prepared by annealing nanodiamond powders (Dynalene NB50) at 1650 C under He flow
for 1 hour in a graphitization furnace. To remove any amorphous carbon, as-produced NCNOs were purified by further annealing at 400 °C for 4 hours under air.

2.2 Synthesis and modification
2.2.1 Synthesis of graphene quantum dots (GQDs)
GQDs were synthesized by top-down chemical oxidation method. The previously
prepared N-CNOs were chemically oxidized to produce GQDs.50 200 mg N-CNOs were
added to 100 mL of 5 M HNO3 and sonicated for 30 minutes using a Model 3510 Branson
Sonicator (Thomas Scientific, USA). The mixture was then placed in a reflux flask at 120
°C for 20 hours. Once finished, the sample was sonicated for 30 minutes, followed by
additional 20 hours of oxidization with reflux system. Afterwards, the sample was
neutralized to pH 6-7 with KOH. Then, the sample was dialyzed to remove salts using a
Spectra/Por6 dialysis membrane of 1 kD MWCO (Spectrum Labs, USA) for 2 days under
constant stirring.

2.2.2 Synthesis of GQDs by hydrothermal reaction
In addition to the synthesis of GQDs by reflux, they were also synthesized by
hydrothermal treatment.50 200 mg of N-CNOs were added to 100 mL of 5 M HNO3 and
sonicated for 30 minutes using a Model 3510 Branson Sonicator (Thomas Scientific, USA).
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The mixture was then placed in a hydrothermal reactor at 120 °C (oven temperature) for
40 hours. Afterwards, the sample was neutralized to pH of 6-7 with KOH. The sample was
then dialyzed using a Spectra/Por6 dialysis membrane of 1 kD MWCO (Spectrum Labs,
USA) for 2 days under constant stirring (Figure 2.1).

2.2.3 Synthesis of carbon nanodots (CNDs) from polyethylene glycol and GQDs

Figure 2.1. Illustration of the formation process of fluorescent CND-GQD from
PEG3000 and GQDs by hydrothermal treatment.

Self-passivated CNDs47 were synthesized via hydrothermal method with the source
materials of diamine polyethylene glycol (PEG3000)74 and GQDs (see Figure 2.1). Oxidized
GQDs (0.2 mg) were mixed with 30 mg of PEG and placed in the hydrothermal reactor for
24 hours. The synthesis of CNDs was conducted at four different hydrothermal
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temperatures, 90 °C, 120 °C, 150 °C, and 180 °C (Figure 2.1). As a control experiment, the
CNDs were synthesized with PEG3000 only at the same hydrothermal conditions.

2.3 Material characterizations
2.3.1 Fluorescence spectroscopy

Fluorescence spectroscopy is the optical characterization technique that involves
the emission of photons following light absorption. The recorded emission spectra can
provide information about electronic and structural properties of analytes. Fluorescence
events occur in various gaseous, liquids, and solid chemical compounds, including
molecular species. Fluorescence lifetime is fairly short lived, averaging of 10-5 second or
shorter. Electron spin states of fluorescent molecules are opposed, and thus are paired with
each other (diamagnetic). When the spin is paired, its electronic state is referred as a singlet
state. As shown in Figure 2.2, fluorescence emission is observed from the singlet ground
excited state to a singlet ground state.

Figure 2.2. Fluorescent energy level diagram.
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Factors such as molecular structure and chemical environment can influence
luminescence properties, intensity of emission, and fluorescence quantum yield (QY).75
The fluorescence QY is the ratio of the total number of emitted photons relative to the total
number of absorbed photons. The fluorescence QY of the unknown sample can be
determined using a standard sample (e.g., quinine sulfate or rhodamine-6G) with known
QY by the equation,
(1)
where Φ denotes fluorescence QY, A is the absorbance at the excitation wavelength, F is
the integrated emission under fluorescence spectrum, the subscript S indicates the standard,
X indicates the sample, and η is the refractive index of the solvent. This ensures calibration
in order to calculate accurate fluorescence QY of the unknown.76 In our study, fluorescence
property was explored to examine the spectral properties of the self-passivated CNDs and
CND-GQD. Fluorescence excitation and emission spectra were acquired on a Fluoromax4 spectrofluorometer (Horiba Scientific, USA) using a quartz cuvette with 1 cm path
length. Excitation and emission slit widths were 2 nm with 1 nm wavelength increments,
and 0.5 s integration time.

2.3.2 Ultraviolet-visible (UV-Vis) absorption spectrometry
Ultraviolet-visible molecular absorption spectrometry is useful for quantitative
analysis that spans wavelength region of 190 to 800 nm. The measurement of transmittance
and absorbance coincides with Beer’s law:
A=

log T = log
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= εbc

(2)

The terms are A for absorbance, T for transmittance, P0 for incident radiant power,
P for transmitted radiant power, ε for molar absorptivity, b for sample path length, and c
for concentration of absorber. However, a linear relation between absorbance and
concentration of sample predicted by Beer's law fails in several exceptions. First, at high
concentration (above 0.01 M), in which the solute-solvent interactions, solute-solute
interactions, or hydrogen bonding can influence the accurate measurement of molar
absorptivity (real deviation of Beer’s law). Second, the concentration of analytes change
when a chemical reaction arises from dissociation and association of analyte or even a
reaction with a solvent (apparent chemical deviation). The resulting absorption spectrum
will look different from the analyte.75 For our experiment, UV-Vis absorption spectra were
recorded with an Evolution 201 UV-Visible spectrophotometer (Thermo Scientific, USA).
All optical characterization techniques were completed using a quartz cuvette with a 1 cm
path length.

2.3.3 Transmission electron microscopy (TEM)
TEM utilizes an electron gun to produce high-energy electrons that can penetrate a
thin sample. TEM characterization can provide a very high resolution image with the
magnification factor of 103 to 106. The focus of electrons is possible due to its negatively
charged nature that responds to an external magnetic field by deflection. This instrument
is proven to be useful in analyzing the crystal structures and defects. TEM is mainly
composed of three parts: illumination system, specimen stage, and the imaging system. The
illumination system is made of the electron gun and multiple condenser lenses to adjust the
diameter of the electron beam appropriate for illuminating sample. The specimen stage is
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designed for holding sample to allow mechanical stability. Lastly, the imaging system is
an important component in determining the magnification of the TEM image on a
fluorescent screen, on a photographic film or on the electronic camera. In our study, TEM
characterizations were done with Joel 2010F (200 keV electron acceleration voltage). The
synthesized C-dots were deposited on copper grids coated with lacey carbon. The size
distribution and the spacing of crystalline lattice fringe of C-dots were analyzed by TEM
characterization.

2.3.4 Bioimaging of living cells
The synthesized C-dots were tested for bioimaging applications: 40000 cells (cell
counting done with Trypan Blue; dead cells staining agent) were plated in each well of a 4
wells sterile chamber slides (Nunc, USA) 500 μL culture medium. After overnight culture,
100 μL of C-dot sample was added in culture medium and incubated in regular cell culture
conditions. After 24 hours of culture, medium with C-dots were removed from the cells
and washed two times with 1 mL phosphate buffer solution (PBS). Cells were fixed using
4% paraformaldehyde and mounted with an immunofluorescence-compatible mounting
medium (Thermo Scientific, USA). Cellular imaging was done using a Nikon Eclipse Ti
microscope. Nikon Intensilight C-HGFI lamp was used as the fluorescence light source.
Cells were visualized using an inverted fluorescence microscope (Nikon Ti-U microscope;
Nikon Instrument INC., Melville, NY, USA)

Bioimaging with other dyes: 40000 cells were plated in each well of a 4 wells sterile
chamber slides (Nunc, USA) 500 μL culture medium. After overnight culture, 100 μL of
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C-dot sample was added in culture medium (Eagle's Minimum Essential Medium, ATCC,
USA) and incubated in regular cell culture conditions. After 24 hours of culture, medium
with C-dots were removed from the cells and washed two times with 1 mL PBS. Cells were
fixed using 4% paraformaldehyde in PBS and stained with rhodamine–phalloidin
(Invitrogen, USA) to detect actin filaments. The cells were mounted with Vectashield
antifade mounting media with DAPI (Vector Laboratories, Inc., CA). Cellular imaging was
done using a Nikon Eclipse Ti microscope. Nikon Intensilight C-HGFI lamp was used as
the fluorescence light source.

2.3.5 Cell viability test
The cytotoxicity of C-dots was determined using the MTS (3-(4,5-dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium),

(Promega,

Madison, WI, USA) assay. Du-145 cells were plated in 96-wells plates at 10000 cells/well
for 24 hours. The cells were then exposed to the increasing concentration of C-dots for 24
hours. Thereafter, cells were incubated for 1 hour with MTS solution. Absorbance
measured at 490 nm and results represent mean values from three independent experiments.
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CHAPTER 3: OPTICAL PROPERTIES OF SELF-PASSIVATED
CARBON NANODOTS

3.1 Introduction
Carbon dots (C-dots) are an emerging class of carbon nanomaterials with unique
chemical structure and optical properties. C-dots have confined sp2-bonded carbon
domains terminated with edge sites.

Since the first report of C-dots with tunable

photoluminescence (PL) in 2006,45 C-dots have received significant attention due to their
attractive properties such as strong absorbance/emission,11 chemical inertness,9 low
chemical toxicity,57 and cost-effective preparation.8 Also, they typically have excitation
wavelength-dependent PL.77,78 In particular, biocompatibility and environmental
friendliness of C-dots are superior to Cd-based inorganic quantum dots (QDs).11,48,77
Because of strong light absorbance and bright fluorescence, C-dots hold a promise for wide
range of applications such as bioimaging, metal-ion sensing, optoelectronic devices, and
photocatalysis.11,57,79
While a variety of approaches have been tested for the preparation of C-dots, one
of the most common methods is the chemical oxidation of a carbon source.11 Recently,
hydrothermal methods have been reported for the synthesis of C-dots, which exhibit blue
or green luminescence.48 However, C-dots prepared by chemical oxidation and the newer
preparation method are still limited by low fluorescence quantum yield (QY).57
Alternatively, researchers have been utilizing surface chemistry by coating C-dots with
various polymers and organic molecules to not only increase fluorescence intensities, but
also to provide means to tune intrinsic properties such as electronic characteristics.57,80 One
way to modify the surface of C-dots is surface passivation and previous studies have
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reported enhanced photostability and biocompatibility of C-dots as a result of a passivation
treatment.81
3.2 Results and discussion

Figure 3.1. (Top) Quantum confinement effect comparison between bulk graphitic carbon
and C-dots. (Bottom) N-CNO and C-dots under room light (left) vs. under UV light (right).

As shown in Figure 3.1 (top), bulk carbon materials have extensive conjugation that
allow many electronic levels to exist, and consequently, it nearly fills the gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). In C-dots on the other hand, due to their small finite size, the number of energy
levels are less than bulk carbon materials, and thus the band gap is opened. The non-zero
energy band gap allows for light absorption and emission to occur. The photographs in
Figure 3.1 (bottom) show the quantum confinement effect of C-dots. The bulk carbon
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materials, nano-diamond derived carbon nano-onions (N-CNO) in this case, have no
observable emission under UV irradiation, while the finite size C-dots emit yellow light
under the same condition.
In this project, self-passivated carbon nanodots (CNDs) were synthesized by a
bottom-up approach with the precursor PEG3000. In order to study the role of added
graphene quantum dots (GQDs), the synthesis of CNDs was conducted in the presence of
GQDs. The detailed synthetic procedure is shown in Figure 2.1. First, GQDs were
synthesized by chemical oxidation of N-CNO with concentrated HNO3. The oxidation by
HNO3 introduces chemical defects at the edge sites of GQDs. As a result, oxygen
containing functional groups such as −OH, −COOH, C=O, and C−O−C groups are formed
at the edge sites of GQDs. Due to the formation of oxygenated functional groups at the
edge sites, GQDs became readily soluble in water. This hydrophilic property is in contrast
to the strongly hydrophobic carbon precursor, N-CNO, which is hardly soluble in water.
The solution of GQDs appeared slightly brown. The synthesized GQDs showed
fluorescence which is dependent on excitation wavelengths as shown in Figure 3.2.
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Figure 3.2. Photoluminescence spectra of unpassivated oxidized GQDs.

Self-passivated CNDs were prepared by a hydrothermal process with polyethylene
glycol (PEG3000) polymer. The PEG3000 was terminated with amine groups at both ends.
The synthesis of CNDs was carried out by hydrothermally treating PEGs with the small
concentration of GQDS. From this point, the resultant products will be denoted as “CNDGQD”, which means PEG-derived CNDs where GQDs are embedded. The synthesized
CND-GQD showed a noticeable color change (see Figure 3.3). The solution of CND-GQD
turned to a darker brown solution at a higher hydrothermal reaction temperature (150 °C)
as shown in the inset camera image in Figure 3.3 (left). However, at 180 °C, the color
turned to a lighter brown. One possible explanation for the color change is the induced
aggregations of the CND-GQD at the high reaction temperature of 150 °C.
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Figure 3.3. (Left) UV-Vis absorption spectra and photographs (inset) of CND-GQD
prepared at four different temperatures (90 °C, 120 °C, 150 °C, and 180 °C). (Right)
Normalized fluorescence maximum emission of CND-GQD at four different temperatures.
CND-GQD synthesized at 90 °C, 120 °C, 150 °C, and 180 °C showed fluorescent emission
maxima at 330 nm, 330 nm, 420 nm, and 360 nm excitation wavelengths, respectively.
Inset: photographs of CND-GQD dispersed in water under UV excitation (364 nm).

Figure 3.3 presents UV-Vis absorption spectra (a) and fluorescence spectra (b) of
CND-GQD prepared at four different hydrothermal temperatures (90 to 180 C). The
absorption spectra showed the dramatic effect of hydrothermal temperature on the
synthesis of CND-GQD. CND-GQD prepared at 90C (CND-GQD-90) and 120C (CNDGQD-120) showed the negligible absorbance that was comparable to PEG precursors,
indicating that the carbonization process of PEGs to form CND-GQD was inefficient at 90
C and 120 C. In contrast, the absorbance of CND-GQD prepared at 150 C (CND-GQD150) and 180C (CND-GQD-180) was significantly enhanced. The CND-GQD-150
showed a strong and broad absorbance centered at 250 nm and extending up to 550 nm.
The strong absorbance is indicative of the successful synthesis of CND-GQD with a sp2-
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carbon conjugation. The general trend followed this pattern: as the reaction temperature
increases, the absorbance of the π π* transition around 250 nm also increases.
Interestingly, when the hydrothermal temperature was elevated to 180 C, the synthesized
CND-GQD (CND-GQD-180) showed a significant drop in absorbance with the absence of
the longer wavelength tail. This phenomenon might be associated with hydrothermal
cutting leading to the breakage of CND-GQD particles into smaller pieces. The similar
hydrothermal cutting of graphene sheets to synthesize small C-dots was previously
reported.50 The origin for the CND-GQD-150’s noticeably different absorbance is not
clear. The broad absorbance extending toward the visible range (550 nm) suggests the
creation of low-energy chromophores at 150 C. The detailed chemical structure of the
low-energy chromophores is unknown, but it might be associated with the aggregation of
CND-GQD.82 The absorbance spectra of four CND-GQD are consistent with the
photographs of CND-GQD dispersed in water as shown in the inset image. While CNDGQD-90 and CND-GQD-120 remained transparent, CND-GQD-150 turned into a strongly
yellow colored solution. The contrast of CND-GQD-180 became weaker, which is
consistent with the absorbance spectrum.
Figure 3.3b presents the normalized emission spectra of CND-GQDs synthesized
at various temperatures. While CND-GQD-90, CND-GQD-120, and CND-GQD-180 held
their maximum emission around 440 nm (blue emission), CND-GQD-150 showed a bright
green emission (em = 507 nm at ex = 420 nm). The inset in Figure 3.3b shows the
photographs of the four CND-GQD dispersed in water under UV excitation (ex = 365 nm)
in which the emission intensity of CND-GQD gets stronger as the hydrothermal
temperature increases. The observation of the green emission from CND-GQD-150 is
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consistent with its red-shifted tail in the absorbance of CND-GQD-150 and can be
attributed to the energy transfer of photo-excitation energy to low-energy chromophores
(aggregated CND-GQD). The CND-GQDs were synthesized in a hydrothermal reactor
with no stirring. The TEM characterization of CND-GQD-150 revealed the large size
variation of C-dots ranging from 5-70 nm.
Fluorescent C-dots are commonly reported to have excitation-dependent emission
spectra. This is attributed to the fact that C-dots may possess multi-choromophoric units
for light absorption and emission. Specific chromophores can be photo-selected by a
particular excitation wavelength. Figure 3.4 presents the PL spectra of CND-GQD prepared
at four different reaction temperatures. For the PL spectra of each CND-GQD, excitation
wavelength was scanned from 300 nm to 600 nm. While all four CND-GQDs showed the
excitation-dependent PL behavior, the dependence became greater as the hydrothermal
temperature was elevated to 150C and 180C. These phenomena may be due to the size
inhomogeneity of CND-GQDs synthesized at 150C and 180C. While both CND-GQD90 and CND-GQD-120 showed the maximum emission at 450 nm (both at ex = 330 nm),
CND-GQD-150 and CND-GQD-180 showed the maximum emission at 500 nm (at ex =
420 nm) and at 440 nm (at ex = 360 nm), respectively.
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Figure 3.4. Excitation-dependent fluorescence spectra of self-passivated CNDs with GQDs
(a) CND-GQD-90, (b) CND-GQD-120, (c) CND-GQD-150, and (d) CND-GQD-180.
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Figure 3.5. TEM images of (a,b) CND-GQD-90, (c,d) CND-GQD-150, and (e,f) CNDGQD-CND-180.
34

The size and morphology of CND-GQD synthesized at different temperature was
studied by TEM characterizations as shown in Figure 3.5. The TEM image of CND-GQD90 particles in Figure 3.5a and 3.5b indicates that the CND-GQD synthesized at 90 C had
a relatively narrow size distribution ranging from 3-7 nm with apparent lattice fringes of
graphene, indicating the presence of graphene core in GQDs.71 At 90 C, successful
carbonization from PEG may have not occurred yet as only GQDs were observed. The
CND-GQD-150 particles in Figure 3.5c and 3.5d revealed significantly bigger C-dots with
a diameter around 70 nm. The lattice fringes of graphene in this sample was hard to locate,
as the resultant CND-GQD-150 is amorphous. This is probably due to the surface
passivation of GQDs with PEG polymers in all directions, forming spherical CND-GQD150. The large CND-GQD-150 supports the aggregation of C-dots at 150 C. This
phenomenon may be due to the Ostwald ripening,83,84 in which smaller particles are
deposited on to larger particles through a thermodynamically driven process.85 Similar
observations were reported in previous literature, where higher hydrothermal temperature
generated larger particles.84,86 However, at the reaction temperature of 180 °C, the trend of
forming larger (or aggregated) CND-GQD was no longer observed (Figure 3.5e and 3.5f).
The overall size of CND-GQD-180 is significantly smaller than CND-GQD-150 and the
particles appeared to have roughly-cut-edges than spherical shapes unlike the previous
samples at lower temperatures. The smaller pieces of CND-GQD-180 probably were
generated by the hydrothermal cutting of C-dots at 180 °C. Also, at this temperature, GQD
lattice fringes appeared again as shown in Figure 3.5f.41
Fluorescence QY of CND-GQD-150 and CND-GQD-180 was found by the
equation below:
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(1)
Φ denotes fluorescence QY, A is the absorbance at the excitation wavelength, F is the
integrated emission under fluorescence spectrum, the subscript S indicates the standard, X
indicates the sample, and η is the refractive index of the solvent. For the calculation, quinine
sulfate was used as a reference. The determined QY was 7.62% and 5.24% for CND-150
and CND-180 (Table 3.1), respectively, which is significantly higher than QY of
unpassivated C-dots (typically much smaller than 1%).

Figure 3.6. (a) Fluorescence spectra of CND-GQD-150 with different concentrations (b)
the plot of integrated fluorescence intensity (ex. 350 nm) against absorbance at 350 nm of
CND-GQD-150, (c) fluorescence spectra of CND-GQD-180 with different concentrations,
and (d) the plot of integrated fluorescence intensity (ex. 350 nm) against absorbance at
350 nm of CND-GQD-180.
36

Table 3.1. Fluorescence quantum yield (QY) of CND-GQD and the refractive index of
water.
Substrate
Quinine sulfate
150-CNDs
180-CNDs

Slope of integrated PL intensity
(cps) under ex. 350 nm
vs. Absorbance at 350 nm
1.75×1011
2.30×1010
1.58×1010

Refractive
Index
(Water)
1.33
1.33
1.33

QY
58%
7.62%
5.24%

Figure 3.7. Excitation-dependent fluorescence spectra of self-passivated CNDs
synthesized from PEG3000 only (a) CND-90, (b) CND-120, (c) CND-150, and (d)
CND-180.
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In order to understand the role of GQDs added for self-passivation of CNDs, we
conducted the control experiment of CND synthesis with PEG with no addition of GQDs.
Figure 3.7 shows the fluorescence spectra of as-synthesized CNDs by hydrothermal selfpassivation. Surprisingly, the CNDs synthesized from PEG only showed the maximum PL
emission around the blue wavelength (430 nm), instead of green emission. This reveals
that GQDs have an important role in inducing green emission, which is possibly associated
with aggregation of CND particles.87
Previously, a few studies suggested that GQDs strongly interacted with carbon
nanotubes or conjugated polymers.88,89 Due to the unique structure of GQDs where a
hydrophobic core is surrounded by hydrophilic functional groups, GQDs can act as
molecular surfactants in aqueous medium by binding to the hydrophobic sp2-domain of
carbon nanotubes and conjugated polymers. While more studies are needed to fully
understand the origin of GQD-induced CND aggregations, this observation suggests a
facile route to tune PL properties by utilizing GQDs in the synthesis of CNDs.
Due to bright fluorescence and an excellent biocompatibility, C-dots (CND-GQD)
could be ideal fluorescent probes for bioimaging applications. To test the bioimaging
capability of the synthesized C-dots with green and blue emission, Du-145 human prostate
cancer cells were plated in a sterile culture medium. After the overnight culturing and
incubation period, the cell images in Figure 3.8 were obtained. As shown in Figure 3.8,
both green-emitting C-dots (CND-GQD-150) and the blue-emitting C-dots (CND-GQD180) successfully showed a bright contrast in the bioimaging of Du-145 human prostate
cancer cells. Another fluorescence image (Figure 3.9) was obtained with green C-dots
along with DAPI stained nucleus and Rhodamine Phalloidin antibody stained actin
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filaments. The image showed the excellent ability of green C-dots to effectively stain the
cells to bring a contrast from other dyes, although no specificity of particular cell
component was observed.

Figure 3.8. Fluorescent images of Du-145 human prostate cancer cells after incubation with
C-dots for 24 hours. (a), (c) phase contrast pictures of Du-145 cells, (b) Green C-dots
(CND-GQD-150) within the cells, and (d) Blue C-dots (CND-GQD-180) within the cells.
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Figure 3.9. Fluorescent images of human prostate cancer cell, Du-145, after incubation
with green C-dots (CND-GQD-150) for a 24 hour (a) phase contrast picture of Du-145
cells (b) the overlay fluorescence image of stained blue individual nucleus with DAPI and
red actin filaments using Rhodamine Phalloidin antibody (c) green C-dots within the cells,
and (d) the overlay high contrast image of nucleus (blue), F-actin (red), and cytoplasm
(green C-dots).
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Figure 3.10. Cell viability test for self-passivated CND-150, self-passivated CND-180,
CND-GQD-150, and CND-GQD-180.
To extend the cell studies, cytotoxicity experiments were carried out. Figure 3.10 reveals
that even after adding 1200 μg/ml (PEG concentration) of sample into the culture
medium, the cell viability did not decrease in MTS assay. The result suggests low
cytotoxicity of CND-GQD and therefore suitable fluorescence agents for bioimaging
applications.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS
4.1 Conclusions
Traditional organic dyes, fluorescent proteins, and inorganic quantum dots (QDs)
possess attractive fluorescent properties that are directly applicable in vivo and in vitro
bioimaging and medical studies as imaging probes and targeting agents. However, some
critical challenges such as photoblinking and photobleaching of organic dyes56 and
fluorescent proteins as well as the severe cytotoxicity of inorganic QDs34 limit their longterm tracking as target probes. Carbon dots (C-dots) are an emerging class of carbon-based
fluorescent probes. C-dots offer several advantages such as bright and tunable
fluorescence,41 biocompatibility,9 and photostability.62 In addition, carbon is a naturally
abundant resource, thus it can greatly reduce the cost of production of fluorescent probes.63
A top-down method41,50,52,53 and a bottom-up method47,54-56 complimentary advantages for
the synthesis of C-dots in terms of controlling structure, fluorescence quantum yield (QY),
spectral properties, and the production yield. The current bottom-up synthesis, in which
carbonization links carbon moieties to form larger carbon nanodots (CNDs), is reported to
produce CNDs with a uniform size90 and are usually self-passivated with sp3-moiety from
the precursor, resulting in high quantum efficiency.56 The research presented in this thesis
focused on the development of self-passivated CNDs using diamine-terminated
polyethylene glycol (PEG) to mimic nitrogen-doped CNDs and to study temperaturedependent tunable fluorescence characteristics of the C-dots.
In this research, self-passivated CNDs were synthesized by reacting PEG precursor
in a hydrothermal reactor in the presence of the small quantity of graphene quantum dots
(GQDs). The resultant CNDs showed bright fluorescence. The detailed fluorescence
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property of CNDs was greatly dependent on the detailed hydrothermal condition, for
example, temperature. We established the effect of hydrothermal temperature on
absorption and fluorescent properties of CNDs. More interestingly, the addition of topdown synthesized GQDs into the bottom-up synthesis of CNDs influences the fluorescence
properties greatly by shifting blue emission to green emission. The origin of this
phenomenon is not clear yet, but seems to be associated with the fact that GQDs induce
the aggregation of CNDs which causes green emission. The produced bright blue and
green-emitting CNDs were tested for the bioimaging of cancer cells and demonstrated
bright fluorescent imaging with excellent biocompatibility.

The accomplishments can be summarized as follows:
First, diamine-terminated PEG3000 polymers were self-passivated through
hydrothermal reaction at four different temperatures (90 °C, 120 °C, 150 °C, and 180 °C).
The fluorescence intensity of the sample was enhanced after the reaction. Absorbance
spectra supports the formation of CNDs in absorption cross section at 150 °C and 180 °C
as the absorbance spans to the whole visible region at these temperatures; CNDs at 90 °C
and 120 °C showed absorbance only in the UV region. CNDs showed a bright emission
with an enhanced quantum efficiency up to 8%, indicating a successful carbonization and
self-passivation.
Second, the effect of GQD addition in the synthesis of CNDs was explored. The
results indicated that that the addition of GQDs can tune fluorescence maximum emission
from blue to green at the hydrothermal reaction temperature of 150 °C. TEM images
showed largest polycrystalline nature of the produced CND-GQD-150 out of the four
samples.
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Third, the fluorescent imaging capability of the produced C-dots (CND-GQD) was
tested by incubating CND-GQD-150 (green C-dots) and CND-GQD-180 (blue C-dots)
overnight in human prostate cancer cells, Du-145. The phase contrast images under
fluorescence microscopy provided a sufficient fluorescence signal from the C-dots,
indicating their excellent photostability and quantum efficiency. The fluorescence image
revealed no indication of cell organelle specificity from C-dots other than cytoplasm. Also,
green C-dots provided a good contrast to other popular contrasting agents, DAPI (blue
nucleus staining agent) and Rhodamine Phalloidin antibody (red actin filament staining
agent). To analyze biocompatibility and cytotoxicity, a cell viability test was carried out
with MTS assay. Du-145 cells were exposed to increasing concentration of green C-dots
and blue C-dots. The result showed almost negligible cell death even after the
concentration of C-dots reached up to 1200 μg/mL. This suggests that C-dots have
excellent biocompatibility and low cytotoxicity for cell studies.

4.2 Future directions
The synthesis of CNDs using bottom-up approach is a fairly new field of research
that still needs further investigation in understanding the PL optical properties and their
origin. The present study will be developed to the following directions.
First, CNDs were synthesized through hydrothermal reaction in this study.
However, the unclear mechanism of the hydrothermal reaction makes it difficult to
interpret what happens inside the reactor which limits our understanding of CND’s
formation. While we will deepen our understanding of hydrothermal process, we will test
alternative ways of synthesizing CNDs such as a simple pyrolysis.
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Second, the synthesis of self-passivated CNDs with PEG precursors is a relatively
expensive approach and will limit the bulk production. Alternative ways are necessary to
produce cost-effective fluorescent agents. One good example is the recent pyrolysis study
of citric acid. Furthermore, the role of amine functional group on spectral property and
fluorescence QY will be explored. Zhu et al. reported CNDs with oxygen functional groups
have QY of less than 10% while amine functionalized CNDs reach QY above 10%.56
However, the mechanism of how nitrogen containing functional groups would increase the
quantum efficiency compared to oxygen defects is still unknown. Density functional theory
(DFT) calculations combined with experimental data is used to study the effect of nitrogen
versus oxygen on the fluorescence property of CNDs. In addition, the effect of such
functional groups formed on edge sites versus basal plane defects will be explored to
understand the PL mechanism.
Third, the role of the added GQDs in the PL property of CNDs needs to be better
understood. As described in previous sections, the addition of GQDs was observed to
effectively tune the PL property of CNDs. The phenomenon was attributed to the
aggregation of CNDS induced by GQDs. GQDs have a unique chemical structure of a sp2bonded nanographene sheet surround by edge defects. Due to the hydrophobic nature of
nanographene sheet as well as a strong hydrophilicity coming from oxygenated defect sites,
GQDs were demonstrated as excellent molecular surfactants. Previous literature and our
own experiments indicated that GQDs can greatly enhance the dispersion of hydrophobic
carbon nanomaterials such as carbon nanotubes and graphenes. Clear understanding of
interactions between GQD and other carbon materials will enhance the utilization of GQDs
in many related scientific research and technologies.
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GLOSSARY

C-dots

Carbon dots, carbon-based semiconductor nanomaterials

CND

Carbon nanodots; a type of C-dot synthesized from bottom-up method

CND-GQD

Product of hydrothermal passivation with polyethylene glycol and
graphene quantum dots

GQD

Graphene quantum dots; a type of C-dot synthesized from top-down
method

N-CNO

Nanodiamond-derived carbon nano onion; a product of graphitization of
nanodiamond annealed at 1650 °C under inert atmosphere

MTS assay

A colorimetric method for determining the number of viable cells in
cytotoxicity assay

PL

Photoluminescence; process in which the excited photons emit radiation
when relaxing down to a ground electronic state

QD

Quantum dot, few nm sized semiconductor nanoparticles

QY

Quantum yield; number of emitted photons occurring per number of
absorbed photons
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